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Abstract 
 
 The purpose of this research is to explore the use of cobalt- and iron-catalyzed cross 
coupling reactions of alkyl iodides containing beta-tetrahydropyran groups to develop a general 
method to synthesize substituted tetrahydropyrans. Substituted tetrahydropyrans can be used 
towards the total syntheses of biologically active natural products. 
 The starting iodide compounds underwent sp3-sp3 and sp3-sp2 cobalt- and iron-catalyzed 
cross-coupling reactions with different Grignard reagents. It was expected that the formation of 
the coupled product would be faster than the formation of the side products (elimination and 
homocoupling) and thus yield the desired substituted tetrahydropyrans. 
 The results of this study showed that cobalt-catalyzed reactions are best used for sp3-sp3 
coupling though in low yields while the iron-catalyzed reactions produced better yields for the 
sp3-sp2 couplings. However, the reactions still resulted in the formation of undesired elimination 
and homocoupling side products. In the future, optimization will be made to minimize the 
formation of the side products and to increase yields of the substituted tetrahydropyrans which can 
then provide a further basis for the use of cobalt- and iron-catalyzed cross-coupling reactions in 
the synthesis of natural products.  
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Executive Summary 
 Many biologically active natural products have a significant impact in the drug discovery 
field and are therefore a consistent source of new medicines. Often these natural products are 
complex molecules that are difficult to isolate from the biological sources. To overcome this 
challenge, these natural products are built from simple molecules by the means of total synthesis. 
Total synthesis can not only help obtain natural products in better yields and in a short amount of 
time, it can also expand the library of chemical structures and help discover non-natural derivatives 
that may contain important biological activities.  
 The skeletons of tetrahydropyrans are often found in biologically active natural products, 
making the synthesis of complex tetrahydropyrans crucial. To form new carbon-carbon bonds by 
metal-catalyzed coupling reactions is a common method to synthesize complex tetrahydropyrans. 
Metal-catalyzed cross-coupling reactions are processes frequently used to join an organic halide 
and an organometallic compound and involve the coupling of the carbon centers of those 
compounds with the aid of a metal catalyst. We are interested in the studies of cobalt- and iron-
catalyzed reactions because of the availability and low toxicity of cobalt and iron catalysts.  
The focus of this research is to develop a general method to synthesize tetrahydropyran 
derivatives from alkyl halides containing beta-tetrahydropyran groups and Grignard reagents by 
the use of sp3-sp3 and sp3-sp2 metal-catalyzed cross coupling reactions. The problems that have 
been encountered with this chemistry are the competition between the formation of the coupled 
products and the formation of the side products such as elimination and homocoupling. The 
development of a general method is hoped to help overcome these difficulties and allow for the 
expansion of this chemistry. 
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First the starting tetrahydropyrans that were used in the metal-catalyzed coupling reactions 
were synthesized (Figure 1). After the synthesis of the simple starting materials, the synthesis of 
substituted tetrahydropyrans could be carried out with Grignard reagents. The Grignard reagents 
that were used are also shown below alongside the starting tetrahydropyrans. (Figure 1). 
Figure 1 
 
The cobalt- and iron-catalyzed cross-coupling methods were conducted with the same 
general reaction conditions. With the cobalt-catalyzed reactions, the starting tetrahydropyrans 
were treated with 0.1 equivalents of catalytic CoCl2 and 1.5 equivalents of Grignard reagent 
(Scheme 1). With the iron-catalyzed reactions, the tetrahydropyrans were treated with 0.05 
equivalents of Fe(acac)3, 0.1 equivalents of TMEDA, and 0.05 equivalents of HMTA alongside 
with 1.5 equivalents of the Grignard reagents (Scheme 2).  
Scheme 1 
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 The resulting mixtures from these cobalt- and iron-catalyzed coupling reactions often 
contained the leftover unreacted iodide 1. Difficulties were encountered separating the coupled 
products from the starting iodide 1 by column chromatography due to the similar polarities led to 
the treatment of the crude mixtures with activated zinc dust and ammonium chloride (Scheme 3). 
This will lead to the conversion of the iodide compound 1 to the elimination product 8 which is 
easier to separate from the coupled product, as compound 8 is a more polar alcohol.  
Scheme 3 
 
 Overall, the project resulted in the formation of substituted tetrahydropyrans despite the 
presence of homocoupling side products and the cobalt- and iron-catalyzed cross-coupling 
methods were evaluated. The cobalt-catalyzed method was better for sp3-sp3 coupling while the 
iron-catalyzed method gave better yields for sp3-sp2 coupling and fewer products. The results of 
this project can provide a further basis for the use of cobalt- and iron-catalyzed cross-coupling 
reactions towards the synthesis of complex tetrahydropyrans.  
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Chapter 1 
Introduction 
 
I. Importance of Natural Products 
 Natural products are complex molecules that come from biological sources such as marine 
creatures, fungi, bacterial, and plants. Natural products have a significant impact on the science 
community, especially in the field of drug discovery which involves finding chemicals with 
biological activities that can be used to target certain diseases such as cancer and bacterial 
infections. Drug discovery relies on small molecule chemical scaffolds to produce medicines and 
natural products contribute 83% of new therapeutics. Therefore, natural products have been a 
successful source of new medicines.i Studies on natural products have provided many useful 
molecules and analogs that can be used in the pharmaceutical industry. However, the isolation of 
natural products is often difficult because it is a time consuming and complicated process. The 
natural products are often isolated in small quantities which makes it challenging to characterize 
them and to use them in biological testing which is needed confirm any biological activity. This is 
a common source of problems for isolation of natural products from plants and marine organisms.ii 
 
The total synthesis of complex molecules can help overcome the challenges of isolation of 
natural products. Often, the starting point of the total synthesis is a simple and chemically stable 
molecule and which is much easier to work with than attempting isolation from natural sources. 
The role of total synthesis can improve on the isolation of natural products by scaling up and by 
allowing small-scale productions of the targeted natural product in a short amount of time. These 
benefits can help overcome difficulties in obtaining the natural product in better yields and it 
speeds up the drug development process.iii The total synthesis of complex molecules can not only 
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expand the collection of natural products but it also gives chemists a chance to discover non-natural 
derivatives that may contain improved biological activities. This would then further expand the 
collection of chemical structures and benefit the drug discovery field.iv 
 
Oxygen heterocycles like the tetrahydropyran skeleton 9 are found as substructures of 
many natural products containing important biological activities (Figure 2).  
 Figure 2   
 
 
Therefore, the development of creative synthetic approaches to tetrahydropyrans have been 
the subject of significant attention in many research groups. By developing more synthetic 
methods to access tetrahydropyrans, the chemistry of these tetrahydropyran-containing natural 
products can be further understood. This is important because then the library of natural 
products/chemical structures can be further expanded more. It is also important to continue 
developing new methods to synthesize tetrahydropyrans in order to discover new efficient ways to 
make tetrahydropyrans. The more synthetic methods of tetrahydropyrans available, the more range 
of techniques scientists can choose from therefore increasing their chances to eventually synthesize 
tetrahydropyran-containing natural products. 
 
II. Biologically Active Natural Products Containing Tetrahydropyran Units 
Since many natural products with interesting biological activities contain tetrahydropyran 
units, it is given that tetrahydropyrans are an area of interest in the total synthesis of natural 
products. Some examples of biologically active natural products that contain tetrahydropyran units 
are apicularen A (2), pyranicin (3) and ambruticin (4) (Figure 3). 
O
9
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Figure 3 
 
 Apicularen A 2 was first isolated from a variety of strains of the myxobacterial genus 
Chrondromyces by Kunzev and its structure was determined by X-ray crystallography by Jansen.vi 
It is known to have high cytostatic activity against ovarian, prostate, lung, kidney, cervical, 
leukemia, and histiocytic cancer cells with LD50 values between 0.23-6.79 nM.v It has been 
prepared before by five total syntheses, with the first total synthesis done by de Brabander.vii The 
most recent total synthesis of apicularen A was done by Uenishi; an efficient Cu(I)-catalyzed 
coupling process was used to complete the synthesis.viii  
 Pyranicin 3 was isolated by McLaughlin from the stem bark of the Goniothalamus 
giganteus tree in 1997.ix This natural product has demonstrated anticancer activity, specifically 
selective in vitro cytotoxicity against human pancreatic cancer cells with ED50 value of 10-2 
μg/mLix and in vivo cytotoxicity against the growth of cancerous leukemia cells with LD50 
value of 9.4 μM .x A total of five total syntheses of pyranicin have been done with the first 
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total synthesis was accomplished by Nakata and Takahashixi while the most recent total 
synthesis was done by Crimmins and Jacobs.xii In the thirteen-step total synthesis of pyranicin 
performed by Phillips, an alkyl-alkyl Pd-catalyzed Suzuki coupling process was used in the 
final steps of the synthesis.xiii  
 Ambruticin 4 was isolated from the myxobacterium Polyangium cellulosum by Ringel in 
1977.xiv It is an antifungal agent that has pronounced activity against pathogens such as 
Coccidioides immitis, Histoplasma capsulatum, and Blastomyces dermatitidisxiv and it has 
exhibited potent inhibitory activity against the yeast strain Hansenula anomala with a MIC value 
of 0.03 μg/mL.xv The first total synthesis of ambruticin was accomplished by Kendexvi, while 
the total synthesis performed by Jacobsen involved the use of a palladium-catalyzed Kumada 
coupling process to form a bond for the natural product.xvii  
The tetrahydropyran is a core structure in many natural products.xviii It is important to 
synthesize tetrahydropyrans because natural products containing tetrahydropyran show a diverse 
range of biological activities that have potential to be used in medicine such as anticancer and 
antifungal activities as shown in the examples above. The synthesis of tetrahydropyrans can also 
provide organic chemists more challenges to develop more efficient methods which can also lead 
to synthesis of new derivatives of natural products that also contain important biological activities. 
While there are efficient ways to synthesize natural products containing tetrahydropyrans like the 
ones in Figure 2, there needs to be more methods involving the formation of carbon-carbon bond 
on tetrahydropyrans. In order to form new bonds, new chemistry must keep being developed which 
must be tested first on simple molecules such as tetrahydropyrans. This is what keeps 
tetrahydropyrans an area of interest in organic synthesis. 
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III. Metal-Catalyzed Coupling Reactions 
 Of fundamental task in organic synthesis is the ability to form carbon-carbon bonds. A 
carbon-carbon bond can be used to connect two simple molecules together to form a new 
compound that is more complex. There are many known methods of carbon-carbon bond 
formation between different types of carbon centers such as the sp3-sp3, sp3-sp2, and sp2-sp2 carbon 
atoms and there are still more methods of carbon-carbon bond formation being developed.xix 
Metal-catalyzed coupling reactions are useful for the preparation of new carbon-carbon bonds 
between sp3, sp2, and sp hybridized carbon atoms.  
 Metal-catalyzed coupling reactions are processes in which two carbon centers are brought 
together with the aid of a metal catalyst. These reactions are frequently performed using an organic 
halide and an organometallic compound, resulting in the formation of a new carbon-carbon bond. 
The general mechanism of metal-catalyzed coupling reactions consists of three phases (Figure 4). 
The first step involves the oxidative addition of the organic halide to the metal catalyst. Then the 
organometallic compound will undergo transmetalation; once this occurs both participating 
compounds will be on the same metal catalyst and result in the formation of an dialkylmetal 
intermediate. The final phase is the reductive elimination of alkylmetal intermediate which will 
regenerate the metal catalyst and give the coupled product.xx 
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Figure 4 
 
The most used organic halides with metal-catalyzed coupling reactions are aryl and vinyl 
halides. Aryl and vinyl halides are commonly used because of their general availability and 
applicability, their selectivity during reactions (for example, they can undergo oxidative addition 
rather than beta elimination), and their high tolerability of different functional groups.xxi These 
benefits have made the use of aryl and vinyl halides more developed than other electrophiles in 
metal-catalyzed coupling reactions. 
The use of alkyl halides (R-X), especially sp3 R-X, in these processes has proven to be 
more difficult. Unlike aryl and vinyl electrophiles, alkyl halides have a greater tendency to undergo 
side reactions like beta-elimination rather than the desired coupling process for many reasons – for 
example, the C(sp3)-H bond in alkyl halides are more electron rich than the C(sp2)-H bond in 
aryl/vinyl halides.xxi Additionally this causes sp3 alkyl halides go through oxidative addition much 
more slowly compared to aryl and vinyl halides and even compared to sp3 alkyl and vinyl halides. 
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This problem can lead to the formation of homocoupling or beta-elimination side products.xxii 
Another problem with alkyl halides is that the alkylmetal intermediate tends to undergo 
intramolecular beta-elimination.xxiii However, there has been progress in developing metal-
catalyzed coupling reaction conditions to overcome these problems with sp3 alkyl halides. 
a) The Kumada Coupling 
Throughout the studies of metal-catalyzed coupling reactions, many different coupling 
processes with different organometallic compounds have been developed. One of the well-known 
partners with organic halides in cross-coupling reactions are Grignard reagents. Grignard reagents 
offer many advantages to their use in metal-catalyzed coupling reactions, one being that Grignard 
reagents are good nucleophiles. Grignard reagents also can undergo cross-coupling without 
suffering from beta-elimination; this is seen even with alkyl (sp3) Grignard reagents with beta-
hydrogens. The coupling process between organic halides and Grignard reagent came to be known 
as the Kumada coupling (Scheme 4). This coupling process is typically uses palladium and nickel 
catalysts and can be used to form new carbon-carbon bonds between alkyl, aryl, and vinyl groups.  
Scheme 4 
 
The Kumada coupling has been used to produce many interesting chemical structures. In 
one specific example, Danishefsky studied the synthesis of 17- and 19-membered ring homologues 
through a ring-closing metathesis strategy. The metathesis precursor was synthesized through the 
Kumada coupling from vinyl iodide 13 (Scheme 5). The vinyl iodide 13 was converted to 1,5 diene 
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15 in the presence of catalytic PdCl2(dppf) and 3 equivalents of butenylmagnesium bromide 14.xxiv  
Scheme 5 
 
 The 1,5 diene product 15 was obtained in a 75% yield. From this result, it was likely that 
this Kumada coupling reaction could be used to synthesize more alternative unconjugated dienes 
that can eventually lead to the synthesis of large ring analogues. The reaction was also able to 
proceed even with the presence of other heteroatoms such as nitrogen and sulfur.  
 The selectivity of the Kumada coupling can be highlighted in this nickel-catalyzed 
coupling reaction with a phenol 16 that contains both a bromo and a fluoro group. Manabe and 
Wang reported that the coupling process between the phenol 16 and 3 equivalents of the Grignard 
reagent 17 (Scheme 6) in the presence of the nickel catalyst, Ni(dppbz), occurred at the o-fluoro 
position, not the p-bromo position to give the coupled product 18. This is unusual because it is 
expected that the bromo group is more reactive than the fluoro group. During this process, the 
transition state is proposed to have the magnesium coordinated to the phenol group which will then 
facilitate the oxidative addition of the Ni metal center to the adjacent C-X bond.xxv 
Scheme 6 
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 Manabe and Wang noted that para- and double-cross-coupled products were obtained in 
trace amounts. They also addressed that the directing effect of the hydroxyl group has a stronger 
effect on the order of coupling than the reactivity order of the halogen groups. This research 
demonstrated that the Kumada coupling can have a high selectivity during reactions.   
Palladium and nickel are the most widely employed catalysts for metal-catalyzed coupling 
reactions.xxvi While palladium-catalyzed coupling reactions have a wide substrate scope, the use 
of Grignard reagents is limited due to the incompatibilities some functional groups that are highly 
electrophilic such as esters, nitriles, benzyl, and nitro substituents. Since Grignard reagents are 
commercially available and relatively reactive compared to other reagents such as organoboron or 
organolithium compounds, it is ideal to use Grignard reagents in carbon-carbon bond formation. 
The use of bulky ligands is also often required in palladium-catalyzed coupling reactions. The main 
disadvantage that comes with using these ligands are that they are sterically hindering, which can 
hamper the results of the coupling process.xxvii Nickel, despite being another popular metal catalyst 
due to its high reactivity (it even has a higher reactivity than palladium), has less of a general scope 
than palladium catalysts. Nickel catalysts also have low selectivity because of their tendency to 
undergo side reactions, and they have low tolerability of functional groups. However, nickel 
catalysts are much less expensive than palladium catalysts (the cost of NiCl2 is $0.10 per mmol 
while the cost of PdCl2 is $5.80 per mmol).xxviii Another disadvantage that comes with palladium 
and nickel catalysts is their high toxicity.xxix Because of these disadvantages with palladium and 
nickel catalysts, interest in other metal catalysts began to develop. 
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b) Cobalt- and Iron-Catalyzed Kumada Coupling Reactions 
The studies on the use of cobalt- and iron-catalyzed coupling reactions have been recently 
developing due to the advantages they have over palladium and nickel. Compared to palladium 
and nickel catalysts, iron catalysts are inexpensive and have a lower toxicity. Iron is an abundant 
metal, making it easier and cheaper to obtain. Iron is also heavily integrated in many biological 
processes including many safe disposal pathways, and from this it is observed that iron has a low 
toxicity.xxx Iron catalytic systems have been proven to be superior to palladium and nickel catalyst 
systems in terms of reaction efficiency because iron-catalyzed coupling reactions give better yields 
of product and their reaction time is shorter compared to palladium- and nickel-catalyzed coupling 
reactions.xxxi Cobalt catalysts, like iron catalysts, are also inexpensive. Cobalt catalysts provide 
other advantages compared to palladium and nickel catalysts, one being that it can work under 
mild reaction conditions and it is highly chemoselective. Furthermore, cobalt catalysts typically 
only require the use of simple ligands rather than bulky ligands which are often used in palladium-
catalyzed coupling reactions.xxix It has also been reported that some cobalt catalytic systems do not 
suffer from beta-hydride elimination side products with alkyl halides, unlike palladium-catalyzed 
reactions.31,xxxii Due to these advantages, cobalt and iron catalysts can offer new means to develop 
metal-catalyzed coupling reactions economically, ecologically, and efficiently.  
  The advantages of iron- and cobalt-catalyzed coupling reactions have attracted the attention 
of researchers to expand iron- and cobalt-catalytic reaction scope. For example, Cahiez 
investigated the iron-catalyzed coupling process between primary and secondary alkyl halides and 
alkenylmagensium bromides (Scheme 7). In one specific example from the study below, Cahiez 
successfully produced the coupled product 21 in a 69% yield from an alkenyl Grignard reagent 19 
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and a secondary alkyl halide 20 in the presence of 5 mol% Fe(acac)3/TMEDA/HMTA catalytic 
system. The stereochemistry from the alkenylmagnesium bromide 19 was also retained as the 
coupled product 21 was isolated as a Z/E mixture of 97:3, indicating that the reaction is highly 
stereoselective.xxxiii 
Scheme 7 
 
Cahiez reported furthermore in the study that this is the first iron-catalyzed coupling 
process between alkenyl Grignard reagents and secondary alkyl halides, which expands the scope 
of the iron-catalyzed coupling reactions even further. The yields of these coupled product (Figure 
5) range from 15-84%. The coupling process also performs well with primary alkyl halides as 
shown with the coupled products 25 and 26. It has also shown during this study the iron-catalyzed 
coupling reaction works with alkyl halide containing functional groups. This further shows the 
tolerability of the functional groups in substrates that can be used alongside the iron-catalysts as 
seen with the coupled products 27 and 28. 
Figure 5 
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Oshima has performed series of cobalt-catalyzed coupling reactions of primary and 
secondary alkyl halides with 1-trimethylsilylethenylmagnesium bromide 30 and 2-
trimethylsilylethynylmagnesium bromide 31 (Scheme 8). Under the cobalt-mediated cross-
coupling reaction conditions of catalytic Co(acac)3 and 3-4 equivalents of the Grignard reagents, 
the alkenylation and alkynlation of the cyclic bromide 29 proceeded smoothly, giving the desired 
coupled products 32 and 33 in high yields of 85% and 71% respectively for the alkenylation and 
alkynylation process.xxxiv   
Scheme 8 
 
 
 
Overall, Oshima was successful in the formation of new carbon-carbon bond through 
alkenylation and alkynylation of the thirteen different alkyl halides (Figure 6).  The yields ranged 
from 26 to 90% and the reactions proceeded under mild reaction conditions. The alkenylation and 
alkynylation can still proceed with primary and secondary linear alkyl halides to give the coupled 
products 34-36. The cobalt-catalyzed coupling reaction also gives coupled products 37-40 
containing oxygen and nitrogen, and this shows that the cobalt-catalyzed coupling reaction 
conditions can tolerate the presence of other heteroatoms. This study is also interesting because it 
shows that the formation of carbon-carbon bond between primary/second alkyl halides and alkenyl 
Grignard reagents can proceed smoothly with cobalt catalysts without experiencing the beta 
elimination side product.  
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Figure 6 
 
 Fürstner reported the use of iron-catalyzed coupling reaction towards the synthesis of 
latrunculin B. In the presence of catalytic Fe(acac)3 at -30˚C, the coupling of the ester 41 and the 
Grignard reagent 42 proceeded smoothly affording the alkyne 43 in a great yield of 97% (Scheme 
9). The reaction proceeded stereoselectively and very rapidly under mild conditions.xxxv 
Scheme 9 
 
An interesting note on the reaction is that there was no addition of the Grignard reagent to 
the ester group. This is important because it shows the iron-catalytic systems have the possibility 
to not go through the elimination process. Fürstner also reported that this is the first case of an 
iron-catalyzed coupling reaction with an enol triflate, thus further expanding the scope of the use 
of iron catalysts.  
Casar reported a study of cobalt-catalyzed cross-coupling reactions between aryl Grignard 
reagents and allylic and vinylic bromides in the presence of the natural ligand sarcosine. This 
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method was used to prepare a key intermediate that can be used towards the synthesis of a drug 
product. The ester 44 was treated with catalytic CoBr2 and sarcosine and 1.4 equivalents of the 
Grignard reagent 45 that was freshly prepared beforehand to give the coupled product 46 in a 97% 
isolated yield (Scheme 10).  
 Scheme 10 
 
 The reaction demonstrated high alpha-regioselectivity and good functional group tolerance 
despite the presence of the ester in the vinyl halide 44 and the fluorine groups in the aryl Grignard 
reagent 45. The coupled product 46 was later used to synthesize the antidiabetic drug sitagliptin. 
IV. Metal-Catalyzed Coupling Reactions in Systems Containing b-Alkoxy Groups 
 An area of study with metal-catalyzed coupling reactions that has yet to be investigated is 
the identification of methods in cases where the organic halide contains an oxygen substituent that 
is in the beta position to the metal center. It is important to continue researching efficient methods 
for these cases so researchers can perform metal-catalyzed coupling reactions without suffering 
from the elimination side reaction of the oxygen. The organic halide containing the beta oxygen 
substituent can undergo elimination when the carbanion forms from the metal complex instead 
which will then form an alkene in place of the coupled product (Figure 7). 
 
Br O
O +
F
F F
MgBr CoBr2/sarcosine
THF, -20°C
97%
O
O
F
F F
44 45 46
H
N
O
OH
sarcosine
 
  15 
Figure 7 
 
 The formation of the elimination product can be a major competing process alongside with 
the cross-coupling process. This can prove to be an obstacle during the studies of carbon-carbon 
bond formation via metal-catalyzed coupling reactions with compounds containing oxygen 
substituent in the beta position. If more methods can be developed to overcome the elimination 
process, the scope of reactions with b-alkoxy groups containing compounds can be expanded. 
a) Metal-Catalyzed Coupling Reactions with Acyclic Compounds Containing b-
Alkoxy Groups 
Cahiez reported a cobalt-catalyzed coupling process between aromatic Grignard reagents 
and functionalized inactivated alkyl bromides. In the presence of catalytic Co(acac)3 and 1.1 
equivalents of the aryl Grignard reagent 48, the bromo acetate 47 was smoothly converted to the 
coupled product 49 in a great yield of 88% (Scheme 11). The elimination side product, ethylene, 
was not observed during this reaction.xxxvi 
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Scheme 11 
 
The reaction was shown to tolerate the presence of the acetyl group which indicates that 
this cobalt-catalyzed coupling process is highly chemoselective. The reaction was also able to 
proceed under mild conditions of 0˚C in only 40 minutes with the catalytic system being obtained 
by mixing two inexpensive substances (cobalt acetylacetonate and TMEDA). 
Cossy reported the first iron-catalyzed coupling process between sp3 alkyl halides and 
alkenyl Grignard reagents. In one specific example within the study, the bromo acetal 50 
successfully coupled with the alkenyl Grignard reagent (2 equivalents) 51 to give the alkene 52 in 
a moderate yield of 50% (Scheme 12). This reaction occurred under the presence of the inexpensive 
and nontoxic FeCl3 as a catalyst (5 mol%) and 1.9 equivalents of TMEDA in THF at 0˚C, and was 
eventually warmed to room temperature. Despite the moderate yield of the coupled product, no 
elimination product was observed.xxxvii 
Scheme 12 
 
 Kang reported the synthesis of substituted tetrahydrofurans by the iron catalyzed coupling 
of functionalized alkyl iodides with aryl Grignard reagents (Scheme 13). In the presence of 
catalytic FeCl2 and 2 equivalents of phenylmagnesium bromide 54, iodide 53 gave the 
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tetrahydrofuran 56 in 11% yield. In this sequence, initial formation of an aryl iron complex is 
followed by intramolecular cyclization of iodide 53 to give an intermediate tetrahydrofuran 
derivative 55. Reductive elimination then gives the final product 56.  The low yield in this reaction 
can be attributed to beta elimination of oxygen in the starting alkyl iodide 53 to give allyl alcohol 
as the major decomposition product.xxxviii 
Scheme 13  
 
 Better yields were obtained in substrates that contained acetal and dimethyl substituents. 
In these modified systems (Figure 8) yields ranged from 46-64%. Little stereoselectivity was 
observed. 
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Figure 8 
 
Oshima reported the cobalt-catalyzed coupling reactions between iodoacetals and allyl 
Grignard reagents that resulted in the synthesis of substituted tetrahydrofurans. In one interesting 
example in the study, the treatment of the iodoacetal 62 with the allyl Grignard reagent 63 in the 
presence of CoCl2(dppp) afforded the gamma lactone 68 in a yield of 71% (Scheme 14). The 
sequence of this reaction starts off with the intramolecular cyclization of the iodoacetal 62, 
resulting in a radical intermediate 64. Then, the radical intermediate 64 goes through a ring-
opening process to give another radical intermediate 65 which will then go through oxidative 
addition to the cobalt-allyl complex 66 via single electron transfer. After reductive elimination 
from the cobalt complex 66 and Jones oxidation, the gamma lactone 68 will have been 
synthesized.xxxix 
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Scheme 14 
 
 The beta-oxygen elimination may have been prevented by the presence of the allyl ligand. 
This allowed the formation of the carbon-carbon bond on the iodoacetal 62. This method can be 
further extended to alkyl halides containing β-alkoxy groups. 
b) Metal-Catalyzed Coupling Reactions with Cyclic Compounds Containing b-
Alkoxy Groups 
Oshima studied the synthesis of alkenylated and alkynylated cyclic compounds through the 
cobalt-mediated sequential tandem cyclization and alkenylation/alkynlation between cyclic 
iodoacetals and 1-trimethylsilylethenylmagnesium bromide 30 and 2-
trimethylsilylethynlmagnesium bromide 31. In the presence of catalytic Co(acac)3 and 3 
equivalents of the Grignard reagents, the alkenylated/alkynlated lactones 70 and 71 were 
successfully synthesized from the cross-coupling of the iodoacetal 69 in yields of 65% and 30% 
respectively (Scheme 15). In this sequence, an alkyl radical is produced from the iodoacetal 69 
followed by radical cyclization. Next, the alkyl cyclic radical is then captured by the cobalt 
complex. Reductive elimination and Jones oxidation will then give the alkenylated and alkynylated 
lactones 70 and 71.xxxiv  
I
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Scheme 15 
 
The alkenylated and alkynlated lactones 70 and 71 are known precursors of prostaglandins 
and other related compounds. Other substituted cyclic compounds were synthesized using the same 
cobalt-catalyzed coupling reaction condition in yields of 44-78% (Figure 9). Some 
diastereoselectivity was observed in these reactions. 
Figure 9 
 
Cárdenas developed a novel iron-NHC catalytic system for the cross coupling of primary 
alkyl halides and alkyl Grignard reagents. NHC ligands have been used in the past to interfere with 
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the formation of beta elimination product in alkyl Pd(II) intermediates. Under the presence of 
catalytic Fe(OAc)2 (2.5 mol%) – NHC ligand system and 3.7 equivalents of the alkyl magnesium 
bromide 70, the carbon-carbon bond formation occurred on the tetrahydropyran 1 to give the final 
product 72 in a 63% yield (Scheme 16). The reaction proceeded in either of two different 
mechanistic pathways, one being that the tetrahydropyran 1 undergoes oxidative addition by the 
single electron transfer and then undergoes transmetalation with the Grignard reagent 76 to form 
the intermediate iron(III) complex 77. The second mechanistic pathway involves the reverse order, 
instead the transmetalation of the Grignard reagent 76 and then the oxidative addition of the 
tetrahydropyran 1 to give the intermediate Fe(III) complex 77. Both mechanistic pathways will 
end with the reductive elimination of the intermediate Fe(III) complex 77 to give the final product 
78.xl  
Scheme 16 
 
This method widened the scope of the iron-catalyzed coupling reactions and it provided a 
new method to use on alkyl halides containing beta oxygen substituents. 
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Cossy looked at the synthesis of substituted piperidines by the cobalt-catalyzed coupling 
reaction between iodopiperidines and Grignard reagents. During this study, two iodopiperidines 
containing beta alkoxy groups 79 and 81 were coupled to the aryl Grignard reagent 54 under the 
reaction conditions of catalytic CoCl2 (5 mol%) and the ligand (R,R)-tetramethylcyclo-
hexanediamine (TMCD) to produce two different coupled products 80 and 82. When the 
iodopiperidine 79 was treated with the aryl Grignard reagent 54 and the catalytic system of CoCl2 
and TMCD, it will go through a 5-exo-trig cyclization process before proceeding to the cross-
coupling process to give the bicyclic product 80 in a yield of 81% (Scheme 17). But when the 
iodopiperidine 81, which only contains an extra carbon atom on the ether chain, underwent the 
cobalt-catalyzed coupling reaction it only went through the cross-coupling process giving the 
substituted piperidine 82 in a yield of 71% (Scheme 18). This occurred because the cross-coupling 
process was faster than the 6-exo trig cyclization step.xli 
 Scheme 17 
 
 Scheme 18 
 
  No beta-elimination side product was observed in both reactions due to the presence of 
the TMCD ligand. Diastereoselectivity was also observed.  
Fürstner reported the study of iron-catalyzed coupling reactions with alkyl halides and 
sterically hindered aryl Grignard reagents. Under the presence of catalytic iron complex 84, the 
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formation of the carbon-carbon bond between the tetrahydropyran 1 and the Grignard reagent 83 
was successful giving the final coupled product 85 in the yield of 78% (Scheme 19). The use of 
the iron complex 84 allows for the cross-coupling of the alkyl halide and sterically hindered 
Grignard reagent due to the coordination environment around the Fe(II) metal center.xlii 
 Scheme 16 
 
 This reaction was also shown to be applicable to other alkyl halides containing beta oxygen 
substituents (Figure 10). The coupled products from these alkyl halides containing beta oxygen 
substituents were synthesized with yields ranging from 62-89%.  
 Figure 10 
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V. Project Objectives 
Previous work from the Totah lab has shown the utility of iron-catalyzed coupling reactions 
between a Grignard reagent and alkyl iodides for the preparation of carbon-carbon bonds in 
complex molecules. The interest was to explore the use iron-catalyzed cross-coupling reaction to 
incorporate the linear side chain of spirastrellolide A in a single step. In the presence of the catalytic 
Fe(acac)2, TMEDA, and HMTA, the alkyl iodide 90 smoothly cross coupled with isopropenyl 
magnesium bromide 91 to give the coupled product 92 (Scheme 20).xliii  
Scheme 20 
 
Despite the concerns about beta oxygen substituent, the coupled product was synthesized 
in a moderate yield of 52%. This led to the utilization of the same iron-catalyzed cross-coupling 
reaction condition in the final step of the spirastrellolide side chain. First, the vinyl iodide 93 was 
converted to a Grignard reagent 94. Then, the newly made Grignard reagent 94 underwent an iron-
catalyzed coupling reaction with the alkyl iodide 90 in the presence of catalytic Fe(acac)2, 
TMEDA, and HMTA (Scheme 21). Through this method, spiroketal 95/96 that contains the linear 
side chain of spirastrellolide A was successfully synthesized in 57% yield in a diastereomeric 
mixture of 1:1.xliii 
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Scheme 21 
 
The use of the iron-catalyzed coupling reaction to contribute towards the synthesis of 
natural product has therefore been demonstrated in the preparation of the linear side chain of 
spirastrellolide A. The formation of the coupled product was achieved despite the presence of 
sensitive functional groups and substituents such as the skipped diene and beta oxygen substituent. 
The formation of the coupled product also occurred in a single transformation and yielding the 
desired coupled products in moderate yields, making this iron-catalyzed coupling reaction efficient 
to use. Thus, the results of this study have sparked an interest of developing a general method to 
prepare tetrahydropyran derivatives through the metal-catalyzed cross coupling reactions between 
alkyl iodides containing beta-tetrahydropyran groups and Grignard reagents. 
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Chapter 2 
Results and Discussion 
 
I. Synthesis of Tetrahydropyran Starting Materials 
Interest in the synthesis of tetrahydropyran-containing natural products has led us to 
consider the development of a general method to prepare tetrahydropyran derivatives by the metal-
catalyzed cross-coupling process between alkyl iodides with beta-tetrahydropyran groups and 
Grignard reagents. The model starting substrates that we are interested in using for the 
development of the general method are the alkyl iodides 1 and 2 (Figure 11).  
Figure 11 
 
The alkyl iodide 1 is a basic tetrahydropyran with the oxygen in the beta position from the 
iodide. The second alkyl iodide 2 also contains a lactone group. The general method that is 
developed will be a Kumada coupling between these alkyl iodides and a Grignard reagent (Scheme 
22). 
Scheme 22 
 
We have decided to focus on the use of iron and cobalt catalysts during this study for a few 
reasons, as these metal catalysts have a low toxicity, are inexpensive and easy to obtain compared 
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to other catalysts. The iron catalyst has been used successfully before in previous works in the 
Totah lab.xliii The cobalt catalyst would operate under more simple reaction conditions which could 
work with alkyl iodides with beta-oxygen substituents. Prior work in the Totah lab with cobalt 
catalysts suggest that the cobalt-catalyzed reactions would allow for the formation of cross-
coupled products even in the presence of a lactone.xliv  
The goal of this project is to expand the scope of metal-catalyzed coupling reactions 
between alkyl iodides containing beta-tetrahydropyran groups and Grignard reagents. By further 
exploring the capabilities of this method, it will eventually lead the way to discover an efficient 
method to synthesize tetrahydropyran subunits into more complex structures. But in order to start 
this project, the starting tetrahydropyrans 1 and 2 must be synthesized which are already known 
compounds.   
Two methods were evaluated for the synthesis of 2-iodomethyltetrahydropyran 1. First, 
direct conversion of alcohol 97 to the corresponding iodide 1 was explored (Table 1). Treatment 
of 0.30 g of hydroxymethyltetrahydropyran 97 with I2, pyridine, and triphenylphosphine in 
refluxing benzene gave the desired iodide 1 in only 22% yield (entry 1). Though iodide 1 had not 
been prepared in this way before, the synthesis of related primary iodides with this method was 
known to give good yields.xlv For this reason, the reaction was tried again, this time on larger scale 
and for a longer reaction time (entry 2). Under these conditions a much better yield of 87% was 
obtained.  The higher yield of this reaction may be the results of running the reaction on a larger 
scale compared to the first experiment and due to letting the reaction run longer than the previous 
reaction (4 hours compared to 2.5 hours). Seeing the high yield of the second experiment, the 
reaction was tried again on an even larger scale to provide more of the iodide 1 to work with (entry 
3). While the desired iodide 1 was successfully synthesized, there were problems with the 
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separation between the iodide 1 and the side product triphenylphosphine oxide. After attempting 
another separation of the two products by flash column chromatography which did not result in 
the isolation of the iodide 1, the two products were dissolved in hexanes and were left at -20˚C. 
By leaving the reaction mixture in hexanes, it was hoped that the triphenylphosphine oxide would 
precipitate due its poor solubility in hexanes. Afterwards, the mixture would be filtered through 
Celite to separate the triphenylphosphine oxide from the iodide 1. However, even this separation 
method did not work due to the large amount of triphenylphosphine oxide that was produced from 
the reaction. Since the separation of the iodide 1 and the by-product triphenylphosphine oxide was 
unsuccessful, we were unable to use the iodide 1 in further reactions. In order to be able to prepare 
the iodide 1 in a large scale, another preparation was found and used. 
Table 1 
 
Entry Starting Material Time Yield 
1 0.30 g 2.5 h 22% 
2 1.00 g 4.0 h 87% 
3 2.00 g 4.0 h N/A 
 
Due to these problems, an alternative “green” protocol was investigated for the synthesis 
of iodide 1.xlvi This reaction, developed by the Iranpoor lab, involves the iodoetherification of 5-
hexene-1-ol 8 with sodium iodide and oxone dissolved in deionized water (Table 2). According to 
the Iranpoor procedure, an immediate reaction was expected to occur. However, when alcohol 8 
was subjected to the conditions reported, little reaction was observed, even when the mixture was 
stirred overnight (entry 1). Isolated material consisted mostly of the starting alcohol 8. We 
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considered that the quality of the oxone could be the reason for this result. In the second experiment 
(entry 2), the reaction was run on a larger scale, and the number of equivalents of oxone used was 
doubled (1.0 equivalents). Even with these modified conditions, little product was observed. TLC 
and crude 1H NMR still indicated that the reaction mixture contained mostly starting material, even 
after 144 hours of stirring. After purification via column chromatography, the iodide 1 was 
obtained in 27% yield. Due to the low yields obtained in these first two reactions, a new batch of 
oxone was purchased and the reaction was attempted again (entry 3). In the third experiment, the 
reaction was run on the same scale as in the second experiment and 1.0 equivalents of oxone was 
used. This time however, the reaction was only stirred overnight. While the TLC and crude 1H 
NMR indicated there was still starting material presence, in this experiment iodide 1 was produced 
in greater yield, 58%. 
Table 2  
 
Entry Starting Material Equivalents Oxone Time Yield 
1 0.10 g 0.5 24 h NR 
2 0.50 g 1.0 144 h 27 % 
3 0.50 g 1.0 24 h 58 % 
 
 After using both sets of reaction conditions, we were able use both preparation methods to 
produce the iodide 1. While the first reaction condition gave the iodide 1 in a higher yield (87%) 
than the second reaction condition (58%), there is problem with the purification when it comes to 
the separation of the synthesized iodide 1 and the by-product triphenylphosphine oxide. This 
makes the “green” reaction conditions more preferable to use to prepare the iodide 1 since there is 
O I
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little problem with the separation between the iodide 1 and the starting material 8. Another 
additional advantage that the “green” methods offers is reduced waste by the use of deionized 
water as the solvent. The starting alcohol 8 used in the “green” method is also cheaper to obtain 
than the starting alcohol 97 used in the first method. 
 The other iodide compound 2 was prepared by another researcher in the Totah lab. The 
carboxylic acid 98 was treated with iodine and sodium bicarbonate in acetonitrile to give the iodo 
lactone 2 in a yield of 42% (Scheme 23). 
 Scheme 23 
 
 
II. Cobalt-Catalyzed Coupling Reactions  
    a) Coupling Reactions of (Trimethylsilyl)methylmagnesium Chloride 
With preparation of the iodide 1, the feasibility of the cobalt catalyzed coupling reaction 
with the Grignard reagent 3 was explored (Table 3).  
Table 3  
 
Entry Equivalents of CoCl2 Concentration Time Ratio of 99:1:8a 
1 0.05 1.0 M 3 h 1:1:1 
2 0.10 1.0 M 2 h 2:1:1 
3 0.20 1.0 M 1 h 4:1:2 
4 0.10 0.33 M 1 h 2:1:1 
a ratio determined by 1H NMR of the crude reaction mixture. 
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In the initial experiment (entry 1), the reaction conditions reported by the Oshima lab were 
used to effect an sp3-sp3 cobalt catalyzed coupling.xlvii In this reaction, the iodide 1 was combined 
with 0.05 equivalents of anhydrous CoCl2 catalyst, followed by the addition of 
(trimethylsilyl)methylmagnesium chloride at 0°C.  Evaluation of the crude reaction mixture by 1H 
NMR showed the presence of the desired coupling product 99, as well as the alcohol 8, and 
unreacted starting material 1. The ratio of 99, 1, and 8 was 1:1:1, although it is difficult to 
determine exactly much of 8 was formed since it is volatile (boiling point range = 78-80°C) and 
some could have been lost when the reaction mixture was concentrated. Formation of alcohol 8 
likely occurred due to transmetallation between the Grignard reagent 3 and the intermediate 
organocobalt species formed from iodide 1 (Scheme 24) From here, elimination of the beta alkoxy 
oxygen results in formation of the carbon-carbon double bond and ring opening of the 
tetrahydropyran to give compound 8. 
Scheme 24 
 
In an effort to increase the rate of the cobalt-catalyzed coupling reaction over the 
elimination the amount of CoCl2 catalyst was doubled (0.10 equivalents) as shown in entry 2. This 
modification showed some success. While the crude reaction mixture still consisted of iodide 1, 
the coupling product 99, and the elimination product 8, the ratio of the ratio of 99, 1, and 8 
increased to 2:1:1 with the coupling product 99 predominating. Like in the first experiment, there 
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was some uncertainty in the amount of 8 in the crude mixture since some could have been lost 
during the concentration.  
Due to the result above, in the third experiment the amount of the cobalt catalyst was 
increased to 0.20 equivalents to see if the ratio of coupling and elimination products could be 
increased further. The crude 1H NMR still indicated the presence of starting material 1 and 
elimination products 8 in addition to the desired product 99. However, the ratio between 99, 1, and 
8 was increased to 4:1:2. Since there was less starting material, this implied that the reaction rate 
increased when the equivalents of CoCl2 increased. But, the ratio of the coupled product 99 and 
the elimination product 8 remained the same. This result suggested that that increasing the 
equivalents of the cobalt catalyst more would most likely only increase the reaction rate rather than 
lead to further optimization of the product ratio. 
In a fourth experiment, the amount of cobalt catalyst was reduced back to 0.10 equivalents, 
but the concentration of the reaction mixture was changed from 1.0 M to 0.33 M. This change was 
based on a successful procedure from the Oshima lab where a more dilute reaction concentration 
was used.xlviii Unfortunately, this change had little effect on the outcome of the reaction. 1H NMR 
of the crude reaction mixture indicated that iodide 1 was still present and the ratio of 99, 1, and 8 
was still approximately 2:1:1. 
In a final alteration of the reaction conditions tetramethylethylenediamine (TMEDA) was 
added to the mixture (Scheme 25). Though the exact role of TMEDA in coupling reactions of this 
type has not yet been determined,xlix it was anticipated that coordination of this basic ligand to the 
cobalt catalyst could help to stabilize reactive intermediates and prevent the formation of the 
elimination product 8. In this experiment, after combining the iodide 1 with 0.10 equivalents of 
CoCl2, 0.10 equivalents of TMEDA was added to the reaction mixture. Afterwards, the 
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(trimethylsilyl)methylmagnesium chloride added at 0°C. However, in this experiment only the 
starting iodide 1 was recovered. Neither the coupling product 99 or the elimination product 8 were 
observed in the crude 1H NMR. It is unknown why this reaction did not proceed. One possibility 
may be that the TMEDA used was not dry.   
Scheme 25  
 
Attempts to purify the product of these reactions by column chromatography was 
complicated by the fact that the coupling product 99 could not be visualized by thin layer 
chromatography (TLC). The product was not UV active, nor did it not appear with any of the stains 
tried (p-anisaldehyde, cerium ammonium sulfate, KMNO4, iodine). Further, while the elimination 
product 8 could be readily separated by chromatography, the silyl product 99 and starting iodide 
1 did not separate well. 
 To aid in the isolation of the coupled product 99, the crude reaction mixture (obtained 
from experiments in Table 1) was treated with activated zinc dust in the presence of solid 
ammonium chloride and refluxed for 1 hour (Scheme 26). Under these conditions, the iodide 1 
should undergo elimination, giving product 8 and leaving the coupling product 99 behind.  This 
process was expected to make the isolation of the coupled product 99 easier due to the difference 
in polarity between the elimination product 8 and the coupled product 99. 
Scheme 26   
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In practice, the iodide 1 was successfully converted to the elimination product 8, The crude 
1H NMR spectrum indicated the presence of only the elimination product 8 and the coupled 
product 99. However, due to the lack of methods to visualize the coupled product 99 by TLC we 
were unable to find the final product upon attempted purification so a pure sample of this product 
was not obtained for characterization. 
 Though conditions for the cobalt catalyzed coupling had not been fully optimized, we 
decided to test the capabilities of this reaction using different types of Grignard reagents, focusing 
on those that would provide UV-active products to ensure that the coupling product could be 
visualized by TLC. In these reactions, the conditions identified in Table 1, entry 2 were used.  
b) Coupling Reactions of Aryl Grignard Reagents 
The cobalt catalyzed coupling reaction of iodide 1 with several aryl Grignard reagents was 
next explored. In the first experiment, 3-methoxyphenylmagnesium bromide 4 was used. In the 
presence of 0.10 equivalents of CoCl2, the iodide 1 was treated with 1.5 equivalents of this 
Grignard reagent 4 at 0 °C and the resulting mixture stirred for 1 hour (Scheme 27). As expected, 
the course of the reaction could be followed by TLC.  
Scheme 27 
 
Here too, the crude 1H NMR showed the presence of the starting iodide 1 and the 
elimination side product 8, in addition to the desired sp3-sp2 coupling product 100. Upon 
purification by flash column chromatography, the coupled product 100 was successfully separated 
from these side products, though was isolated in a low yield of 10%. 
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 The next aryl Grignard reagent utilized was o-tolylmagnesium chloride 5.  Attempted 
coupling reaction with the iodide 1 under the conditions described above gave similar results. Both 
the starting iodide 1 and the elimination product 8 were present in the crude reaction mixture 
(Scheme 28). 
Scheme 28  
 
 In order to facilitate purification, the crude reaction mixture was treated with activated zinc 
dust and ammonium chloride to convert the leftover iodide 1 into the elimination product 8. As 
seen in the reaction of (trimethylsilyl)methylmagnesium chloride (Scheme 26), this process 
allowed for the complete removal of iodide 1 from the reaction mixture. Separation of the tosyl 
derivative 101 from the elimination product 8 then proceeded smoothly, especially since the 
coupled product could be visualized by UV and upon staining the TLC plate with KMnO4. 
However, upon purification by flash column chromatography it was determined that the coupled 
product 101 was contaminated by the homocoupling side product, 2,2’-dimethylbiphenyl, 102 
(Figure 12). Metal catalyzed homocoupling reactions of Grignard reagents are known.l The 1H 
NMR indicated that the ratio between the coupled product 101 and the homocoupling product 102 
is 1:1, giving an estimated yield of the coupled product of 21%. 
 Figure 12 
 
 To test the tolerance of this cobalt-catalyzed coupling reaction with different functional 
groups, the Grignard reagent 4-chlorophenylmagensium bromide 6 was used. In the presence of 
O I O
+
MgCl
1
1. CoCl2 (5 mol%)
THF, 0°C - rt, 2.5 h
2. Zn, NH4Cl
EtOH, reflux, 1.5 h
~21%5 101
102
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CoCl2, it was expected that the iodide 1 would undergo oxidative addition more rapidly than the 
aryl chloride to give the coupled product 103 (Scheme 29).  
Scheme 29  
 
 Unfortunately, this reaction did not yield the desired coupled product 103. Instead, the 
crude mixture solidified indicating that polymerization had occurred. The polymerization most 
likely resulted from the presence of the chloride functional group.  
c) Attempted Coupling Reaction of Benzyl Grignard  
 The sp3-sp3 cobalt catalyzed coupling was attempted a second time using 
benzylmagnesium chloride 7. This Grignard reagent was combined with iodide 1 in the presence 
of catalytic CoCl2 under the reaction conditions described previously (Scheme 30).  
 Scheme 30   
 
 Despite previous problems with sp3-sp3 cross coupling, this Grignard reagent was expected 
to be much easier to work with since desired coupled product 104 would be visible under UV light. 
1H NMR of the crude reaction was difficult to interpret, but TLC suggested the presence of product. 
In an effort to isolate some of the coupled product 104 the crude mixture was purified via flash 
column chromatography. Unfortunately, only the homocoupled product biphenyl 105 was 
obtained in yield of 47% (Figure 13). None of the desired cross-coupled product 104 was isolated. 
 
 
O I
+
MgBr
THF, 0°C - rt, 3 h O
1
Cl
ClCoCl2 (5 mol%)
6
103
not observed
O I
1
+
MgCl
7
THF, 0°C - rt, 1 h
CoCl2 (5 mol%) O
104
not observed
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 Figure 13 
 
d) Attempted Coupling of an Iodo Lactone 
 Previous work in the Totah lab suggested that in the presence of a cobalt catalyst, the 
coupling reactions between (trimethylsilyl)methylmagnesium chloride 3 and vinyl iodides 
proceeded in high yield, even in the presence of other reactive functionality like esters (Scheme 
31).xliv  
 Scheme 31 
 
 Based on this result, the cobalt-catalyzed coupling reaction was applied to the iodomethyl 
lactone 2 (Scheme 32). In this case, 3-methoxyphenylmagnesium bromide 4 was chosen as the 
coupling partner as this was the only aryl Grignard reagent that was used successfully without 
formation of homocoupling product. The same reaction conditions as in the previous reactions 
examples were used, e.g. 0.10 equivalents of catalytic CoCl2, 1.5 equivalents of Grignard 4, and a 
concentration of 1.0 M.  
 Scheme 32 
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Unfortunately, only formation of the delta-unsaturated carboxylic acid 98 (Figure 14) was 
observed. As with the alcohol 8 this product is formed by elimination of an intermediate 
organometallic species. None of the desired coupled product 108 was observed.   
 Figure 14 
 
 
III. Iron-Catalyzed Coupling Reactions 
a) Coupling Reactions of (Trimethylsilyl)methylmagnesium Chloride 
Due to past successes with iron catalysis in the Totah lab (cf. Schemes 20 and 21),xliii the 
feasibility of the iron-catalyzed coupling reactions of alkyl iodides containing beta-
tetrahydropyrans was also explored. As with the cobalt catalyst, the coupling reaction between the 
iodide 1 and (trimethylsilyl)methylmagnesium chloride 3 was investigated first. For these 
reactions, a procedure reported by the Cahiez group was utilized (Scheme 33).xxxiii Thus, iodide 1 
was combined with Fe(acac)3 catalyst, TMEDA, and HMTA (hexamethylmethylenetetramine), then 
1.5 equivalents of the (trimethylsilyl)methylmagnesium bromide 3 was added.  
Scheme 33 
 
 After 3 hours, evaluation of the reaction mixture by 1H NMR showed that none of the 
desired coupling product 99 had formed. Only the starting iodide 1 and the side product resulting 
from elimination and ring opening of the tetrahydropyran (8) were present. This result is perhaps 
not surprising because sp3-sp3 coupling has been proven to be difficult in metal catalyzed coupling 
HO
O
98
O I
+ TMS MgCl
O TMS
1
99
not observed3
Fe(acac)3 (5 mol%)/TMEDA/HMTA (1:2:1)
THF, 0°C - rt, 3 h
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reactions. The Csp3 bond to a halide is more electron rich than a Csp2 bond with a halide, so the 
reductive elimination steps are much slower in the coupling of sp3 hybridized halidesxxi making 
beta elimination of the oxygen to give 8 a highly competitive process.  
b) Coupling Reactions of Aryl Grignard Reagents 
Next, the use of the iron catalyst was tested in the cross-coupling reaction of aryl Grignard 
reagents and the iodide 1. This compound was treated with 3-methoxyphenylmagnesium bromide 
4 in the presence of Fe(acac)3/TMEDA/HMTA under the conditions described above, except that 
this reaction ran overnight (Scheme 34). 
Scheme 34 
 
Unlike in the iron catalyzed sp3-sp3 coupling (Scheme 33), here the crude 1H NMR 
indicated the presence of coupled product 100. Some of the starting iodide 1 and the elimination 
product 8 were also present. Upon purification by flash column chromatography, the coupled 
product 100 was obtained in a yield of 31%, still modest, but an improvement over the much lower 
yield obtained in the cobalt-catalyzed process with this same Grignard reagent 4.  
 The iron-catalyzed coupling reaction was also attempted between the iodide 1 and o-
tolylmagnesium chloride 5 (Scheme 35). As seen in the previous coupling reactions, 1H NMR 
indicated that the crude mixture contained the desired coupled product 101 as well as recovered 
starting material 1. However, unlike with the cobalt catalyzed coupling, there was no sign of the 
elimination product 8. This result suggested that the iron-catalyzed coupling reaction could be used 
to minimize the formation of the elimination product 8. 
O I O
+
MgBr
OCH3
OCH3
1 4 100
Fe(acac)3 (5 mol%)/TMEDA/HMTA (1:2:1)
THF, 0°C - rt, 24 h
31%
+
HO
8
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Scheme 35  
 
 Unfortunately, purification by flash column chromatography did not result in separation of 
the coupled product 101 from the iodide 1. This is due to the fact that the two compounds have 
very similar polarities and thus very similar Rf values making make it very difficult to isolate the 
coupled product. Based on the 1H NMR of the purified material, the iron-catalyzed coupling 
reaction with the Grignard reagent 5 provided a yield of the coupled product 101 with less 
formation of the homocoupling product 102 and no presence of the elimination 8. Presumably 
separation of the iodide 1 from the desired product 101 could have been achieved if the crude 
mixture had been heated with Zn dust and ammonium chloride. However, the crude mixture was 
not treated with Zn dust and ammonium chloride due to the presence of the homocoupling product 
102. Since it is difficult to separate the coupled product 101 from the homocoupling product 102, 
we did not attempt to purify the crude mixture by column chromatography. 
 Finally, the iron-catalyzed coupling reaction of the p-chloro Grignard reagent 6 was 
explored in order to determine if the iron based coupling would proceed without polymerization 
(Scheme 36). In this case, the coupled product 103 was not observed. Only the starting iodide 1 
and the elimination product 8 were present by 1H NMR of the crude reaction mixture. Unlike the 
crude mixture in the cobalt-catalyzed coupling reaction (Scheme 29), the resulting crude mixture 
however did not solidify which means that there was no polymerization. 
 Scheme 36 
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c) Attempted Coupling Reaction of Benzyl Grignard  
 The sp3-sp3 iron-catalyzed coupling reaction of iodide 1 and benzylmagnesium chloride 7 
was examined (Scheme 37). Under the standard reaction conditions, none of the coupled product 
104 was observed. Only the starting iodide 1 and the elimination product 8 were present by 1H 
NMR of the crude reaction mixture. In keeping with the outcome of the earlier iron-catalyzed sp3-
sp3 coupling shown in Scheme 29, this result was not unexpected since oxidative addition and 
reductive elimination are slow. Unlike in the cobalt-catalyzed process with Grignard reagent 7, 
there was no sign of the homocoupled product 105. 
Scheme 37 
 
d) Attempted Coupling of an Iodo Lactone 
 The iron-catalyzed coupling reaction was also conducted using the iodomethyl lactone 2 
and 3-methoxyphenylmagnesium bromide 4 (Scheme 38). In the presence of 5% 
Fe(acac)3/TMEDA/HMTA (1:2:1), the iodolactone 2 was treated with 1.5 equivalents of the aryl 
Grignard reagent 4. Evaluation of the crude reaction mixture showed the carboxylic acid 98 as the 
only product. As in the cobalt-catalyzed coupling reaction this result indicates that elimination of 
the beta-alkoxy functionality is faster than formation of the cross-coupled product was slower than 
the elimination process. 
 Scheme 38 
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IV. Conclusions and Future Work 
The purpose of this research was to explore the metal-catalyzed coupling reactions of 6-
iodomethyltetrahydropyrans 1 and 2 in the interest of developing a general method for the 
synthesis of substituted tetrahydropyrans. Both the cobalt- and iron-catalyzed coupling reactions 
of these substrates with different Grignard reagents were evaluated in sp3-sp3 and sp3-sp2 carbon-
carbon bond forming processes.  
In the cobalt catalyzed reactions, both sp3-sp3 and sp3-sp2 coupling reactions were 
observed. The sp3-sp3 coupling reactions produced either the coupled products or the 
homocoupling products. The sp3-sp2 coupling reactions in general produced the coupled products 
except in the presence of other functional groups such as the chloro group that caused 
polymerization.  
In the iron catalyzed reactions, only sp3-sp2 coupling reactions was also observed. The 
coupled products or even the homocoupling products were not observed in the sp3-sp3 coupling 
reactions. The sp3-sp2 coupling reactions successfully produced the coupled products in better 
yields than the cobalt-catalyzed reactions; however the coupling product was still not observed 
when the Grignard reagent contained another functional group. 
Comparing the results of the cobalt-catalyzed and iron-catalyzed coupling reactions, the 
sp3-sp3 coupling reactions worked best with the cobalt catalysts. The sp3-sp2 coupling reactions 
produced better yields of the coupled product with the iron catalysts than with cobalt catalysts. 
However, both metal-catalyzed coupling reactions did not work in the presence of some functional 
groups like the chloro group. The formation of the cross-coupled products still competed with the 
formation of the elimination and homocoupling side products in the presence of both metal 
catalysts. 
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In the future, the reaction conditions for both the cobalt- and iron-catalyzed coupling 
reaction should be optimized in order to improve the yield of the coupled products and minimize 
the formation of side products such as the elimination and homocoupling products. Different 
changes that can be done during optimization are by trying different cobalt and iron catalysts or 
different ligands than TMEDA. Once the reaction conditions are optimized, this study can provide 
a further basis of the use of cobalt- and iron-catalyzed coupling reactions in synthesis towards 
complex tetrahydropyrans.   
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Chapter 3 
Experimental 
General Methods:  
 All air sensitive reactions were performed in oven-dried glassware under an atmosphere of 
argon. Tetrahydrofuran was dried over sodium/benzophenone ketyl and was distilled just prior to 
use. All other reagents were reagent grade and were purified as necessary. Analytical thin layer 
chromatography was performed on EM silica gel 60 F254 glass plates (0.25 mm). Flash column 
chromatography was performed using SiliaFlash P60 silica gel (40-63 µm) from SiliCycle, Inc. 1H 
NMR spectra were recorded on a Bruker Avance DPX-300 or ASCEND-400 spectrometers. 
Chemical shifts are reported in ppm, downfield from tetramethylsilane using residual CHCl3 
(d 7.27 ppm) as the internal standard.  
Experimental Procedures: 
 
Iodomethyltetrahydropyran 1: Alcohol 97 (1.00 g, 8.61 mmol) was dissolved in benzene (179 
mL). Triphenylphosphine (3.39 g, 12.92 mmol), pyridine (2.16 mL, 26.71 mmol), and iodine (3.06 
g, 12.06 mmol) were added sequentially, and the resulting mixture was refluxed for 4 h and then 
cooled to room temperature. The reaction mixture was partitioned between ether (180 mL) and 
deionized water (180 mL) and the layers separated. The organic layer was washed with Na2S2O3 
(180 mL) and brine (180 mL) and dried over Na2SO4. The solution was concentrated to 
approximately 45 mL in vacuo, rediluted with 1:1 hexane:ether, and stored at -20°C for 5 nights. 
The reaction mixture was filtered through celite and the solvent was removed in vacuo. The 
O I
1
O OH
PPh3, pyridine, I2
benzene, reflux, 4 h
87%
97
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product was purified by flash chromatography (SiO2; hexane:ethyl acetate, 10:1) to provide the 
iodide (1.70 g, 87%) as an orange liquid.  
 
 
Iodomethyltetrahydropyran 1: Alcohol 8 (0.50 g, 4.99 mmol) and NaI (0.75 g, 5.00 mmol) were 
dissolved in deionized water (15 mL). Oxone (1.53 g, 2.49 mmol) was added and resulting mixture 
was stirred for 24 h. An additional 0.50 equivalent of oxone (1.53 g, 2.49 mmol) was added to the 
reaction mixture and stirring continued for another hour. After that time, the reaction mixture was 
washed with aqueous Na2S2O3 and the product was extracted with diethyl ether. The combined 
organic layers were dried over Na2SO4, filtered, and the solvent removed in vacuo. The product 
was purified by flash chromatography (SiO2; hexane:ethyl acetate, 20:1) to provide the iodide 
(0.655 g, 58%) as an orange liquid. 
 
 TLC: Rf = 0.56 (hexanes: ethyl acetate, 5:1). 1H NMR (CDCl3, 400 MHz): d 4.05 (1H, d, J = 9.8 
Hz), 3.50 (1H, t, J = 10.2 Hz), 3.30 (1H, m), 3.18 (2H, m), 1.86 (1H, dd, J = 6.3, 1.0 Hz), 1.56-
1.45 (4H, m), 1.32 (1H, m). Characterization data for this compound was consistent with that found 
in the literature.xlvi 
 
 
2-(2-trimethylsilylethyl)tetrahydro-2H-pyran 99: Anhydrous cobalt(II) chloride (0.0175 g, 
0.135 mmol) was dried with a heat gun under high vacuum until the cobalt salt became dark blue 
O I
NaI, oxone
Water, 24 h
58% 1
HO
8
O I O TMS
1 99
+ TMS MgCl
3
1. CoCl2 (5 mol%)
THF, 0°C - rt, 1 h
2. Zn dust, NH4Cl
EtOH, reflux
1 h
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and then placed under argon. Iodomethyltetrahydropyran 1 (0.300 g, 1.33 mmol) was dissolved in 
THF (1.3 mL) and quantitatively transferred to the flask containing the dried cobalt(II) chloride. 
The reaction mixture was cooled to 0°C and the Grignard reagent 3 (2.00 mL of a 1.0 M solution 
in THF, 1.99 mmol) was added dropwise slowly over the course of 1 hour. The reaction mixture 
was warmed to room temperature (25°C) and stirred for 1 hour. The reaction mixture was poured 
into saturated ammonium chloride solution (20 mL) and extracted with ethyl acetate (20 mL x 2). 
The combined organic layers were dried over Na2SO4, filtered, and the solvent removed in vacuo. 
The crude mixture was dissolved in ethanol (8.50 mL) and solid NH4Cl (0.115 g, 2.15 mmol) and 
zinc dust (0.275 g, 4.21 mmol) were added. The resulting mixture was refluxed for 1 hour then 
cooled to room temperature. The reaction mixture was poured into ether (42.5 mL) and filtered 
through celite. The layers were separated and the organics were washed with water, Na2S2O3, water 
again, brine. The organic layer was dried with Na2SO4, filtered, and the solvent removed in vacuo. 
The crude mixture showed the presence of the desired coupling product 99 by NMR. This mixture 
was subjected to flash chromatography (SiO2; hexane:ethyl acetate, 20:1), but the coupled product 
was not isolated due to lack of methods to visualize the compound during purification. 1H NMR: 
(CDCl3, 400 MHz) d 3.99-3.95 (1H, m), 3.63 (2H, t, J = 6.4 Hz), 3.16-3.10 (1H, m), 1.83-1.80 
(2H, m), 1.60-1.18 (4H, m), 0.89-0.78 (1H, m), 0.59 (1H, td, J = 14.1, 4.6 Hz), 0.44 (1H, td, J 
=13.2, 4.8 Hz), -0.03 (9H, s) 
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2-(3-methoxybenzyl)tetrahydro-2H-pyran 100: 
a) Preparation by cobalt-catalyzed coupling method:  
 
 Anhydrous cobalt(II) chloride (0.0176 g, 0.136 mmol) was dried with a heat gun in vacuo 
until the cobalt salt became dark blue and then placed under argon. Iodomethyltetrahydropyran 1 
(0.302 g, 1.33 mmol) was dissolved in THF (1.3 mL) and quantatively transferred to the flask 
containing the dried cobalt(II) chloride. The reaction mixture was placed in a water bath at 0°C 
and the Grignard reagent 4 (2.00 mL of a 1.0 M solution in THF, 1.50 mmol) was added dropwise 
slowly over the course of 1 hour. The reaction mixture was warmed to room temperature (25°C) 
and stirred for 2 hours. The reaction mixture was poured into saturated ammonium chloride 
solution (20 mL) and extracted with ethyl acetate (20 mL x 2). The combined organic layers were 
dried over Na2SO4, filtered, and solvent removed in vacuo. The crude mixture was purified by 
flash chromatography (hexanes:ethyl acetate, 40:1 from fractions 1-14; hexanes:ethyl acetate, 20:1 
from fractions 15-22) to give the coupled product 100 (0.027 g, 10%) as a colorless oil. 
 
b) Preparation by iron-catalyzed coupling method:  
 
Iodomethyltetrahydropyran 1 (0.302 g, 1.33 mmol), iron(III) acetylacetonate (0.024 g, 0.0691 
mmol), hexamethylenetetramine (HMTA) (0.0096 g, 0.068 mmol), and TMEDA (0.02 mL, 0.133 
O I THF, 0°C - rt, 1 h10% O
+
5% CoCl2 (0.1eq)
MgBr
OCH3
OCH3
1 4 100
O I O
+
MgBr
OCH3
OCH3
1 4 100
Fe(acac)3 (5 mol%)/TMEDA/HMTA (1:2:1)
THF, 0°C- rt, 24 h
31%
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mmol) were dissolved in THF (0.80 mL). The reaction mixture was then placed in a water bath at 
0°C and the Grignard reagent 4 (2.00 mL of a 1.0 M solution in THF, 1.99 mmol) was added 
dropwise slowly over the course of 1 hour and the reaction mixture allowed to stir overnight. The 
reaction mixture was washed with 1.0 M aqueous hydrochloric acid (4 mL) and extracted with 
hexanes (4 mL x 3). The combined organic layers were dried over Na2SO4, filtered, and the solvent 
removed in vacuo. The crude mixture was purified by flash chromatography (hexanes:ethyl 
acetate, 40:1 from fractions 1-22; hexanes:ethyl acetate, 20:1 from fractions 23-40) to give the 
coupled product 100 (0.085 g, 31%) as a colorless oil.  
 
TLC: Rf = 0.435 (hexanes:ethyl acetate, 10:1). 1H NMR: (CDCl3, 400 MHz) d 7.21 (1H, t, J = 8.0 
Hz), 6.83-6.76 (3H, m), 4.01-3.97 (1H, m), 3.80 (3H, s), 3.53-3.39 (2H, m), 2.87 (1H, dd, J = 13.6, 
6.6 Hz), 2.63 (1H, dd, J = 13.6, 6.5 Hz), 1.83-1.80 (1H, m), 1.65-1.39 (4H, m), 1.35-1.25 (1H, m). 
Characterization data for this compound was consistent with that found in the literature.li 
  
 
2-(2-Methylbenzyl)tetrahydro-2H-pyran 101: Anhydrous cobalt(II) chloride (0.0178 g, 0.137 
mmol) was dried with a heat gun in vacuo until the cobalt salt became dark blue and then placed 
under argon. Iodomethyltetrahydropyran 1 (0.305 g, 1.35 mmol) was dissolved in THF (1.3 mL) 
and quantitatively transferred to the flask containing the dried cobalt(II) chloride. The reaction 
mixture was placed in a water bath at 0°C and the Grignard reagent 5 (2.00 mL of a 1.0 M in THF, 
1.50 mmol) was added dropwise slowly over the course of 1 hour. The reaction mixture was 
warmed up to room temperature (25°C) and stirred for 2 hours. The reaction mixture was poured 
O I
+
MgCl 1. CoCl2 (5 mol%)
THF, 0°C - rt
O
+
2. Zn dust, NH4Cl
EtOH, reflux
1 5 101 102
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into saturated ammonium chloride solution (20 mL) and extracted with ethyl acetate (20 mL x 2). 
The combined organic layers were dried over Na2SO4, filtered, and the solvent removed in vacuo. 
The crude mixture was dissolved in ethanol (13 mL) and solid NH4Cl (0.163 g, 3.05 mmol) and 
zinc dust (0.389 g, 5.95 mmol) were added. The resulting mixture was refluxed for 1.5 hours, then 
cooled to room temperature. The reaction mixture was poured into ether (60 mL) and filtered 
through celite. The filtrate was washed with water, Na2S2O3, water again, and brine. The organic 
layer was dried over Na2SO4, filtered, and the solvent removed in vacuo. The crude mixture was 
purified by flash chromatography (SiO2; hexane:ethyl acetate; 20:1) to provide a mixture of the 
coupled product 101 (ca. 21% yield) and the homocoupled product 102 (0.05345 g) as a colorless 
oil. These compounds were isolated as a 1:1 mixture of 101:102 that could not be separated.  
 
2-(2-Methylbenzyl)tetrahydro-2H-pyran 101: TLC Rf =  0.55 (hexanes:ethyl acetate, 10:1). 1H 
NMR: (CDCl3, 400 MHz) d 7.17-7.01 (4H, m), 3.91-3.87 (1H, m), 3.42-3.29 (2H, m), 2.82 (1H, 
dd, J =13.8, 6.2 Hz), 2.57 (1H, dd, J = 13.8, 7.0 Hz), 2.24 (3H, s), 1.73-1.70 (1H, m), 1.53-1.48 
(2H, m), 1.46-1.19 (4H, m). Characterization data for this compound was consistent with that 
found in the literature.51 
 
2,2'-dimethyl-1,1'-biphenyl 102: TLC Rf = 0.81 (hexanes:ethyl acetate, 10:1). 1H NMR: (CDCl3, 
400 MHz) d 7.17-7.01 (8H, m), 1.97 (6H, s). Characterization data for this compound was 
consistent with that found in the literature.lii 
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1,1'-(1,2-ethanediyl)bisbenzene 105: Anhydrous cobalt(II) chloride (0.0173 g, 0.133 mmol) was 
dried with a heat gun in vacuo until the cobalt salt became dark blue and then placed under argon. 
Iodomethyltetrahydropyran 1 (0.300 g, 1.33 mmol) was dissolved in THF (1.33 mL) and 
quantitatively transferred to the flask containing the dried cobalt(II) chloride. The reaction mixture 
was placed in a water bath at 0°C and the Grignard reagent 7 (2.00 mL of a 1.0 M solution in THF, 
1.99 mmol) was added dropwise slowly over the course of 1 hour. The reaction mixture was 
warmed to room temperature (25°C) and stirred for 1 hour. The reaction mixture was poured into 
saturated ammonium chloride solution (20 mL) and extracted with ethyl acetate (20 mL x 2). The 
combined organic layers were dried over Na2SO4, filtered, and the solvent removed in vacuo. The 
crude mixture was purified by flash chromatography (SiO2; hexanes for fractions 1-19; 
hexanes:ethyl acetate, 40:1 for fractions 20-45) to provide the homocoupled product 105 (0.114 g, 
47%) as a colorless liquid. TLC: Rf = 0.72 (hexane:ethyl acetate, 10:1). 1H NMR: (CDCl3, 400 
MHz) 7.37-7.33 (4H, m), 7.28-7.25 (6H, m), 3.00 (4H, s). Characterization data for this compound 
was consistent with that found in the literature.liii 
  
O I
+ CoCl2 (5 mol%)
1 7
MgCl
105
THF, 0°C - rt
47%
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